Background. The currently best-established ultrasound-guided lumbar plexus block (LPB) techniques use a paravertebral location of the probe, such as the lumbar ultrasound trident (LUT). However, paravertebral ultrasound scanning can provide inadequate sonographic visibility of the lumbar plexus in some patients. The ultrasound-guided shamrock LPB technique allows real-time sonographic viewing of the lumbar plexus, various anatomical landmarks, advancement of the needle, and spread of local anaesthetic injectate in most patients. We aimed to compare block procedure outcomes, effectiveness, and safety of the shamrock vs LUT. Methods. Twenty healthy men underwent ultrasound-guided shamrock and LUT LPBs (2% lidocaine-adrenaline 20 ml, with 1 ml diluted contrast added) in a blinded randomized crossover study. The primary outcome was block procedure time. Secondary outcomes were procedural discomfort, number of needle insertions, injectate spread assessed with magnetic resonance imaging, sensorimotor effects, and lidocaine pharmacokinetics. 
gastric nerve block and a sacral plexus block, LPB provides effective anaesthesia for hip surgery. 10 11 Previously described ultrasound-guided LPB techniques recommended a paravertebral position of the ultrasound probe with axial or sagittal orientation. [12] [13] [14] [15] [16] [17] [18] [19] [20] The well-established lumbar ultrasound trident (LUT) technique, described in 2008, uses a sagittally oriented probe in the paravertebral lumbar region. 15 21 However, this often provides inadequate sonographic visibility of the target lumbar plexus, topography, needle, needle tip, and perineural spread of local anaesthetic. 15 21 Furthermore, LUT may be associated with a relatively high incidence of epidural spread of local anaesthetics (5/17 [29%] subjects) and may thereby impair haemodynamic stability. 21 An effective and safe LPB technique is desirable because patients admitted for hip surgery are typically elderly and may suffer severe cardiovascular co-morbidity. [22] [23] [24] The ultrasound-guided shamrock technique, first described in 2013, uses an axially oriented probe placed in the posterior axillary line in the patient's flank. 10 25 This provides fast, easy, and sufficient real-time sonographic visibility of the target lumbar plexus, surrounding anatomical structures, needle, needle tip, and perineural local anaesthetic spread. Theoretically, the improved visibility will increase the precision, hence the efficiency and the safety of the block. The aim of this prospective randomized controlled crossover trial in volunteers was to evaluate whether the shamrock technique would reduce procedural time, defined as the time from placement of the probe on the skin until withdrawal of the block needle, compared with LUT. Secondary outcomes were procedure-related estimates, injectate spread, sensorimotor function, and lidocaine pharmacokinetics.
Methods

Ethics
This blinded randomized controlled crossover study was approved by the Regional Ethics Committee (MJ: 1-10-72-138-14), the Danish Health and Medicines Authority (2013-005346-10), and the Danish Data Protection Agency (1-16-02-423-14) , and was monitored by the Good Clinical Practice (GCP) Unit at Aalborg and Aarhus University Hospitals. Written informed consent was obtained from all volunteers. The study was prospectively registered in ClinicalTrials.gov (NCT02255591) and complied with the Declaration of Helsinki II.
Study subjects
We recruited male subjects aged !18 yr old with ASA I status via a Danish website for research volunteers during February 9-24, 2015. Exclusion criteria were inability to cooperate or communicate in Danish, daily consumption of analgesics, allergy to local anaesthetics or contrast agents, abuse of medicine or alcohol, infection or previous surgery in the lumbar paravertebral region or the flank, contraindications to magnetic resonance imaging (MRI), and legal incompetence.
The trial was conducted during two 2 day sessions 1 week apart in February and March 2015 at the Department of Radiology, Aarhus University Hospital, Denmark.
Block procedures
During the study, all subjects received two ultrasound-guided LPBs, one with the shamrock 10 25 and one with the LUT 15 21 technique, on the contralateral side 1 week apart. Each LPB was a single injection of 2% lidocaine-adrenaline 20 ml with the addition of 1 ml contrast (i.e. 0.13 ml MRI contrast agent; 27.9% gadoterate meglumine; Dotarem V R ; Guerbet, Roissy CdG Cedex, France diluted in 0.9% isotonic saline 0.87 ml). Peripheral i.v. access was established before each block. The subjects were monitored with three-lead ECG, non-invasive blood pressure, and pulse oximetry. The subjects were placed in the lateral decubitus position with the side to be anaesthetized facing upwards.
One anaesthetist (T.F.B.) with extensive experience of ultrasound and electrical nerve stimulation-guided lumbar plexus blocks for LUT and shamrock techniques performed all blocks using a Sonosite X-porte ultrasound system (Sonosite, Bothell, WA, USA) and a 5-2 MHz curved array transducer (C60xp; Sonosite). A pre-scan that included marking of the anticipated needle insertion point was performed. The skin was swapped with chlorhexidine in isopropyl alcohol and covered with a Editor's key points
• Lumbar plexus block can be performed with an ultrasound probe applied to a paravertebral location (the lumbar ultrasound trident: LUT), but sonographic view of the lumbar plexus may be inadequate.
• The efficacy of the ultrasound-guided shamrock technique, which uses an axially oriented probe placed in the posterior axillary line in the patient's flank, was compared with the LUT.
• Compared with the LUT, the shamrock technique allowed faster block and caused less discomfort to the patient. sterile fenestrated sheet. The probe was draped with a sterile cover. The skin and subcutaneous tissue were infiltrated with 2% lidocaine 2 ml before insertion of the 22 gauge, 100 mm nerve block needle (Stimuplex Ultra; B. Braun, Melsungen, Germany).
Shamrock technique
The curvilinear probe was aligned axially in the flank of the subject immediately cephalad to the iliac crest. The probe was shifted posteriorly until the transverse process of vertebra L4 and the quadratus lumborum, erector spinae, and psoas major muscles were identified as a shamrock or three-leaved clover. 10 25 The tail of the probe was tilted cephalad, targeting the hyperechoic lumbar plexus between the thin posterior and the thick anterior lamina of the psoas major muscle. The needle was inserted in-plane, 3-4 cm lateral to the sagittal lumbar midline, and advanced in a postero-anterior direction between the L4 and L5 transverse processes until the needle tip was visible at the lateral margin of the lumbar plexus.
Lumbar ultrasound trident technique
The probe was oriented paramedially, to enable viewing of the upper margin of the sacral ala and the L5 transverse process. By shifting the probe first cephalad and then medial, the L3 transverse process and the L3 superior articular facet of the L2-L3 zygapophyseal joint were identified. The L2, L3, and L4 transverse processes were seen as the 'trident sign'. 15 21 With the psoas major muscle anterior to the transverse processes, the lumbar plexus was identified within the major psoas muscle whenever possible. The block needle was inserted with a steep out-of-plane approach and advanced until the needle tip was located $20 mm 26 anterior to the posterior border of the L3 and L4 transverse processes immediately lateral to the zygapophyseal joint. During both procedures, an electrical nerve stimulator (0.1 ms, 2 Hz, 0.2 mA) was connected to the block needle as a safety device in order to alert for intraneural needle tip location. The end point of injection was adequate visibility of the needle tip adjacent to the target lumbar plexus or an appropriate motor response to electrical nerve stimulation with 0.3-0.5 mA from either the quadriceps femoris or the thigh adductors whenever the lumbar plexus was not ultrasonographically visible. Local anaesthetic with added MRI contrast agent was injected with intermittent aspiration. Both techniques have been described in detail previously. Time zero (T 0 ; in minutes) was defined as the time when the block needle was withdrawn after completed injection. The follow-up continued until T 90 . Each subject was observed until the sensorimotor block had worn off.
Outcomes and assessment
The primary outcome was block procedure time (in seconds) defined as the time from placement of the probe on the skin after sterile preparations until withdrawal of the block needle.
The secondary outcomes were as follows: (i) number of block needle insertions estimated as the number of retractions of the block needle followed by advancement regardless of the number of skin penetrations; (ii) horizontal distance (in centimetres) from the midline to needle skin insertion point; (iii) distance (in centimetres) from needle skin insertion point to needle tip at the end point of injection gauged by reading the markings on the needle shaft; (iv) minimal electrical nerve stimulation level (in milliamperes) required to trigger a motor response immediately before injection; (v) type of response to electrical nerve stimulation ('quadriceps femoris', 'sartorius', 'other motor', 'paraesthesia', or 'no response'); (vi) maximal procedural discomfort assessed by the subject on a numerical rating scale (0¼no discomfort, 10¼worst possible discomfort) at T 0 ; (vii) change in mean arterial blood pressure (DMAP) from baseline to T 5 ; (viii) perineural spread of lidocaine; (ix) epidural spread of lidocaine; (x) motor block; (xi) sensory block; (xii) block success rate; (xiii) peak plasma concentration of lidocaine (C max of p-lidocaine); (xiv) time to C max (T omc ); (xv) p-lidocaine concentration-time area under the curve; and (xvi) cost-effectiveness.
Spread of the injectate was evaluated on axial three-dimensional T1-weighted MRI sequences (mDixon all generating in-phase, out-of-phase, water, and fat images and diffusionweighted images) sampled with a Philips Achieva 3.0T dstream scanner (Koninklijke Philips Electronics, Eindhoven, The Netherlands) at T 15 . Perineural spread was assessed as 'present' or 'absent' direct visual contact between the injectate and the anterior rami of the spinal nerves L1-S1, the femoral, obturator, and lateral femoral cutaneous nerves, and the lumbosacral trunk, respectively. Epidural spread was defined as 'present' when circumferential (360 ) epidural distribution of the injectate was observed on any level together with absent sensation for cold in at least one pair of bilateral dermatomes during the sensory mapping at T 45 .
Motor block of the femoral, obturator, superior gluteal, and tibial (sciatic) nerves was defined as a !50% reduction in muscle strength (in millimetres of mercury) at T 30 compared with baseline. Muscle strength was assessed in the supine position as active strength against resistance with a hand-held dynamometer (Commander Muscle Testing; JTECH Medical, Midvale, UT, USA) during knee extension (with 90 flexion of the hip and knee joints), hip adduction (with extended and 45 abducted lower limb), hip abduction (with extended lower limb), and knee flexion (with extended knee and passive elevation of the lower limb), respectively. 25 An observer instructed the subject to exert pressure with maximal strength against the stationary held dynamometer. The maximal value of three tests with intermittent 20 s intervals was recorded for each type of movement. Sensory block of warmth, cold, touch, and pain in the dermatomes Th8-S3 and in the skin area innervated by the lateral femoral cutaneous nerve was tested bilaterally at T 45 . Somatosensation was assessed as either 'present' or 'absent', where absence was considered a successful sensory block. Warmth, cold, touch, and pain were tested with standardized stimuli: 40 and 25 thermo test (Rolltemp II; Somedic, Hö rby, Sweden), brush (SENSELab TM Brush-05; Somedic AB, Hö rby, Sweden), and punctuate needle stimulator (PinPrick 512 mN; MRC Systems GmbH, Heidelberg, Germany), respectively. Block success was defined as motor block of the femoral and obturator nerves and sensory block (pain, cold, or both) of the lateral femoral cutaneous nerve.
Blood samples for the pharmacokinetic analysis of p-lidocaine were collected via the i.v. access at T 0 , T 5 , T 10 , T 20 , T 40 , T 60 , and T 90 , and centrifuged at 1800g for 9 min. The plasma was transferred to 1.5 ml cryotubes and stored at À80 C until analysis. The p-lidocaine concentration was measured using liquid chromatography-tandem mass spectrometry. 21 27 Cost-effectiveness was estimated as the difference in mean marginal cost for the techniques. 28 For medical staff, average annual wages, including pensions, holiday pay, and employer fees, for 1924 paid hours were collected in Danish Kroner (DKK) in July 2016 and converted into British pounds sterling (100 GBP¼874 DKK).
Randomization and blinding
Three study-independent assistants performed computerized randomization, assigning the sequences of intervention (shamrock and LUT) and left and right side to 20 anonymous identification numbers. Twenty sheets pre-printed with the randomly allocated sequences were put in 20 identical opaque sealed envelopes marked with the identification numbers. Immediately before each procedure, T.F.B., who performed the blocks, and A.R.S., who double-controlled the randomized procedure, opened the envelope, checked the allocated intervention and side without revealing it to others, returned the sheet to the envelope, and resealed it. The procedure was repeated on the second experimental day. Independent observers who were blinded to the allocation and did not attend the block procedure sampled all data. The MRI data were anonymized and analysed by an anaesthetist (T.F.B.) with extensive knowledge of the lumbar paravertebral anatomy.
Statistical analysis
The primary outcome was block procedure time (in seconds). Based on a pilot study, we hypothesized that the shamrock technique would reduce block procedure time from 280 to 140 s compared with LUT. Detection of a 50% reduction in a crossover trial and 80% power (1Àb) and a ¼ 0.05 would require a sample size of 17 subjects in a two-sided crossover analysis (Stata IC 10.1; StataCorp LP, College Station, TX, USA). Twenty subjects were enrolled to avoid decreased power resulting from dropouts.
All statistical analyses were conducted with Stata IC 14.1 (StataCorp LP). Normality of distribution was assessed visually with a normal Q-Q plot. Differences between paired continuous variables with normal distribution were analysed with the onesample Student's t-test. Differences between paired continuous variables with non-normal distribution and between paired ordinal variables were analysed with the Wilcoxon matched-pairs signed rank test. Differences between paired categorical variables were analysed with McNemar's test. The level of significance was 0.05. Data are presented as the mean (SD) for continuous variables with normal distribution, as the median (interquartile range) for continuous variables with non-normal distributions, ordinal variables, and age, and as frequencies (percentage) for categorical variables.
Results
Twenty volunteers were included after written and oral informed consent (Fig. 1) . One of the subjects did not arrive on the second experimental day (study-unrelated reason). Both intervention A and B were completed per protocol in 19 volunteers.
Characteristics
The median (range) age of the 19 subjects who were included in both groups was 22 (21-28) yr, mean weight 80.1 (8.0) kg, mean height 186 (6.5) cm, and mean BMI 25.1 (2.8) kg m À2 .
The median (range) age of the 20 subjects who were included in the shamrock group was 22.5 (21-30) yr, mean weight 80.1 (7.8) kg, mean height 185 (6.9) cm, and mean BMI 25.3 (2.9) kg m À2 .
Outcomes
The procedure-related outcomes are displayed in Table 1 .
Owing to registration errors, the value for block procedure time is missing for one subject in the LUT group, and values for minimal electrical nerve stimulation and response are missing for one subject in the shamrock group. Figure 2 illustrates the spread of injectate on MRI in one subject. The MRI analysis showed no difference in perineural injectate spread to the anterior ramus of L1 ( Epidural spread of the injectate was confirmed in 0/20 (0%) subjects after shamrock and in 1/19 (5%) subjects after LUT (P¼1.00). The sensory effect of the epidural spread was observed in the dermatomes L5 and S1 of the one subject.
Values for baseline and postblock muscle strength are displayed in Table 2 . The mean C max , median T omc , and the p-lidocaine concentration-time area under the curve were similar for the techniques and showed no statistically significant differences (Fig. 3) .
The mean marginal cost per LPB was 2 GBP, corresponding to the shorter mean block procedure time for shamrock (98 s) and estimating the total cost per hour for an anaesthetist and an assistant nurse to be 81 GBP. Both techniques were related to the same marginal costs for disposables and equipment.
Safety
No harm or unintended effects were observed during the trial.
Discussion
In this first randomized controlled crossover trial investigating the shamrock technique, we found that shamrock was faster to perform, required fewer needle insertions, and was more comfortable in healthy volunteers of normal weight compared with the LUT technique. The techniques were apparently equally effective for anaesthesia.
The shorter shamrock procedure time can be considered a proxy marker of an improved visibility of the target lumbar plexus, the paravertebral topography, and the block needle compared with LUT. The better visibility may also explain the fact that fewer needle insertions were required with shamrock. The target plexus is often not directly seen with LUT, 15 which is also the case with several other previously described techniques. 12 16-19 The shorter procedure time and fewer needle insertions probably explain why shamrock was a more comfortable procedure than LUT. The fewer needle insertions with the shamrock technique can also be speculated to reduce the risk of tissue injury and complications such as nerve injury, muscular or vascular lesions, and haematomas. As direct visibility of the target lumbar plexus is often inadequate with LUT, it can be speculated to induce a higher risk of epidural spread of local anaesthetics compared with the shamrock technique in some patients. 21 However, the study was not powered to detect such differences.
The lumbosacral sonoanatomy has been compared with MRI previously, 29 although only a few studies have explored the spread of local anaesthetic after LPB with MRI. 21 30 The sensorimotor mapping demonstrated a primary effect on the muscles and dermatomes innervated by the femoral, obturator, and lateral femoral cutaneous nerves, which are the terminal nerves of the anterior rami of the spinal nerves of L2-L4. The terminal nerves can be anaesthetized by spread of local anaesthetic either around the anterior rami of spinal nerves L2-L4, or around the lumbar plexus branches between the two layers of the psoas major muscle, or around the terminal nerves after they have emerged from the psoas major muscle. The sensorimotor results are in accordance with the MRI analysis of injectate spread, which demonstrated primary perineural spread around the anterior rami L2-L4 and the terminal nerves. This distribution was also found in previous studies. 21 30 Both shamrock and LUT aim to inject local anaesthetic into the fascial plane between the anterior and posterior lamina of the psoas major muscle. The MRI scans display how the local anaesthetic is contained inside this fascial plane, implying that significant block of the lumbosacral trunk and the superior gluteal nerve cannot be expected.
The success rate in the present study is only relevant as a measure of comparison of the effectiveness of the techniques; it is inapplicable as an estimate of the success rate in a clinical setting. In a recent dose-finding study with 30 patients undergoing lower limb surgery, it was found that the minimal effective anaesthetic volume of ropivacaine 0.5% to achieve block success in 50% of the patients (ED 50 ) with the shamrock technique was 20.4 ml (95% confidence interval 13.9-30.0) and that ED 95 was 36.0 ml (95% confidence interval 19.7-52.2). 25 We used a relatively low volume of 20 ml lidocaine because the volunteers were discharged on the day of the intervention. The aim of the present study was not to obtain maximal LPB success, but to validate and compare two LPB techniques. Consequently, we chose lidocaine as the local anaesthetic and a dose that we expected to be approximately the ED 50 dose. Furthermore, defining block success in healthy volunteers is complex; the standard criteria for clinically successful block in patients (no need for rescue blocks, conversion to general or spinal anaesthesia, or analgesic drugs) are inapplicable. In the present study, motor block (of the femoral and obturator nerves) was used as a proxy marker of sensory block, because sensory testing based on dermatomal mapping of the lower limb is unpredictable owing to anatomical variation of segmental and terminal nerve innervation and overlapping of adjacent segmental and terminal nerve cutaneous territories. 31 In our study, a successful motor block was defined as at least 50% decrease in baseline muscle strength in order to avoid overestimation because of dual nerve innervation. However, this is an arbitrary cut-off, and the success rate should be considered merely a measure of comparison between the two techniques. The uncertainty related to dermatomal sensory mapping should be taken into account when interpreting the results of sensory block. Although motor and sensory block is variable and depends on the trial subject, blinded analysis of the perineural injectate spread on MRI is an objective measure. We therefore recommend inclusion of analysis of perineural injectate spread by MRI in healthy volunteers as part of the validation of new block techniques.
The lidocaine pharmacokinetics results were similar for the two techniques, and p-lidocaine did not exceed toxic dose. 32 The time interval from injection of lidocaine-adrenaline to maximal concentration of p-lidocaine was $1 h, which complies with previous pharmacokinetic studies of the plasma concentration of local anaesthetics in regional anaesthesia. 21 33 Given that we used approximately the ED 50 of lidocaine-adrenaline for the shamrock technique, 25 an injection of a larger and more clinical relevant volume might affect the p-lidocaine differently.
The present study has a number of limitations. The lumbar paravertebral anatomy may change with age, 34 35 and the results of the present study might therefore be different in older hip surgery patients compared with healthy young men of normal weight. The lumbar plexus can be more difficult to see in the many overweight hip surgery patients, and the skin-totarget needle depth varies in relationship to BMI. 13 36 This may limit the external validity. By using an end point for nerve stimulation in the range 0.3-0.5 mA whenever the target lumbar plexus was not ultrasonographically visible, appropriate needle-nerve proximity could be assumed. 37 However, current settings >0.5 mA have sometimes been advocated to prevent unintentional needle-to-nerve contacts and improve safety during peripheral nerve block procedures. 38 All observers were blinded, and we strove towards blinding all subjects with identical trial set-up. However, the anaesthetist who performed all interventions could not be blinded to group allocation. To minimize this source of bias, the operator adhered to a strict double-controlled protocol procedure, although the risk of performance bias cannot be ruled out, as is the case with all procedure-related studies. Future clinical studies should include the clinical applicability of the shamrock technique combined with a sacral plexus block for hip surgical anaesthesia in old and fragile patients.
Conclusion
The shamrock technique was faster to perform, required fewer needle insertions, was more comfortable, and was equally effective compared with the LUT technique.
